Photoluminescence of scintillator materials based on intrinsic excitonic luminescence (PbWO 4 ), and on extrinsic luminescence from doped trivalent rare earth ions (RE 3+ ), such as Y 3 Al 5 O 12 :Ce 3+ and Lu 3 Al 5 O 12 :Pr 3+ was studied under excitation with free electron laser (FEL) light in the 50-100 eV energy range. In case of PbWO 4 , non-exponential behavior in the initial part of decay curves was observed depending on the FEL pulse energy, and modeled in terms of the bimolecular self-quenching process. For the RE 3+ doped samples, a reduction in light yield with increasing pulse energy is observed, which can be traced to saturation of the available RE 3+ sites in the crystal due to the initial high concentration of electron-hole pairs after FEL excitation.
INTRODUCTION
With the development of powerful sources for the XUV to X-ray energy range based on FELs or higher harmonics generation (HHG) lasers, wide band gap materials used as phosphors or scintillators will be exposed to excitation densities much higher than in conventional sources such as synchrotrons [1] . When used under these conditions, e.g. in detectors for beam diagnostics or experimental setups, the response characteristics and long-term stability need to be known to allow for accurate measurements [2] [3] . In a first step to study these factors for various phosphors, we investigated time-resolved photoluminescence for various wide band-gap materials with both intrinsic (excitonic) luminescence, and extrinsic emission from trivalent rare earth ions (RE 3+ ) doped into the crystal. The samples were excited using femtosecond FEL pulses at the FLASH facility in Hamburg with photon energies of 48 and 89 eV.
In this energy range, the incident photons from the excitation pulses are absorbed within a thin layer (absorption coefficients in the range 10 -5 cm -1 ), where they create electron-hole pairs in the crystals. Due to the relatively high kinetic energy of the electrons, secondary electron-hole pairs are created through inelastic scattering. In case of intrinsic emission, the thermalized electrons and holes form self-trapped excitons (STE), which can than recombine radiatively. In case of RE 3+ -doped systems, the energy of the electron-hole pairs is transferred to excite the dopant ion, which consequently relaxes from its excited state under emission of photons. In case of intra-configurational 4f transitions in RE 3+ ions, the lifetime of these states is usually in the microsecond range, whereas spin-allowed transitions from 5d to 4f states, e.g. in the commonly used Ce 3+ , have typical lifetimes in the sub-microsecond range.
When dealing with excitation sources with high pulse energies, two different aspects have to be taken into account that can influence the light yield. In case of the RE 3+ doped systems, a saturation of the available RE ions may occur, since the doping concentration of these ions is usually limited to 1 to 5 mol % due to concentration quenching [4] . If more electron-hole pairs are created in a volume than there are available dopant ions, trapping on defects and unwanted impurities is increased, which affects the light yield for the RE 3+ emission. For crystals with intrinsic STE emission as the dominant luminescence channel, high excitation intensity leads to a high initial concentration of STE states. Unlike low-density excitation, where STEs can be treated as isolated states, the interaction between the excitons under high-density excitation reduces the number of radiatively recombining excitons significantly. This process leads to a characteristic shortening of lifetimes in the initial part of luminescence decay curves.
EXPERIMENTAL
The experiments were carried out at the beamline BL1 of the free electron laser facility FLASH of DESY in Hamburg, Germany. During our experiments, the photon energy was 48.43 or 89.84 eV with pulse durations of ~ 25 ps and a 5 Hz repetition rate. The elliptic spot on the samples was calculated to be 150 x 250 µm (±50 µm) in size for the geometry of our experimental chamber [5] .
For the measurements, the crystalline samples were mounted in a UHV experimental chamber after gluing them on the cold finger of a liquid He cryostat, allowing to measure luminescence both at 8 K and 300 K. Emission spectra were recorded using an ARC SP308i UV/visible spectrograph in combination with a Princeton Instruments CCD detector. The spectra were recorded over ~2000 pulses, and the average pulse intensity was adjusted using the gas attenuator. Decay spectra were measured using an XP2020Q photomultiplier tube (PMT) pointing directly towards the sample in combination with suitable glass filters to select specific emission bands.
The decay spectra were recorded in single shot experiments by measuring the photocurrent with a fast LeCroy oscilloscope. For each decay spectrum, a reference signal from a micro-channel plate detector mounted in the beamline was recorded in parallel, determining the pulse energy delivered for each shot. This allowed averaging over decay curves measured under comparable pulse energies to reduce the noise level of the single shot measurements. The reference pulse heights were correlated to beam energies with the help of the beam energies recorded in the FLASH database.
In case of optimal FEL performance, we could reach maximum pulse energies on the sample up to 25 µJ at 89.84 eV, which corresponds to 1.7·10 12 photons at this photon energy. For the luminescence spectra, which were recorded over ~2000 FEL pulses, the N 2 gas attenuator built into the FEL beamline allowed the reduction of the pulse energy to less than 10 % of the unattenuated beam. For the decay spectra, where also the pulse-to-pulse fluctuations of the FEL due to the stochastic SASE process were taken into account [1] , an energy range between ~ 5 -100 % of the maximal pulse intensity was available. 4 Fig. 1 shows emission spectra for PbWO 4 recorded at 8 K and 300 K and photon energy of 89.84 eV for different average pulse energies. The observed shift in the emission bands between 8 K and room temperature are typical for PbWO 4 crystals with oxygen deficiency sites. At low temperatures, "blue" excitonic luminescence from the lowest triplet STE state of WO 4 2-complex anions dominates the emission [6] . At room temperature however, the observed "green" luminescence band is ascribed to excitons localized at oxygen-deficient WO 3 sites [7] . Comparing the three emission spectra measured for different average pulse energies, no significant changes in the structure of the bands were observed. This corresponds to similar findings in CaWO 4 and CdWO 4 [2] with the exception that in the case of CaWO 4 , a weak band of impurity-related defect emission at around 600 nm was observed. This defect band showed signs of saturation under higher pulse energies, which can easily be explained by the comparably low concentration of impurities in the crystal.
EXITATION DENSITY EFFECTS ON THE LUMINSCENCE FROM PbWO

Emission and decay spectra for PbWO 4 under FEL excitation
Decay curves for the blue/green emission in PbWO 4 for 8K and 300 K are shown in Fig. 2 for different excitation pulse energies. The decay spectra recorded under FEL excitation exhibit a significant departure from the single-exponential behavior in the initial part (~2 μs at 8 K and ~6 μs at 300K). This non-exponential part becomes more pronounced with increasing pulse energy, as can be seen from Fig. 3b , where the ratio of peak intensity (at decay time t = 0) and the integrated area of the decay curves for different pulse energies is shown. In this figure, also the integrated area under the decay curves as a function of pulse energy is plotted; it is clearly seen that the range for proportionality (i.e. a constant 
Self-quenching of excitons
The observed deviation from a single exponential decay behavior in the initial part of the decay curves in CaWO 4 and CdWO 4 under high excitation densities has been explained by the model of excitonic self-quenching [2] [11]. The model is described in detail in these references, and will be only briefly introduced here. It is assumed that the incident exciting light spot is of circular shape with radius a, and that it follows a Gaussian intensity distribution. The photons are absorbed in the crystal, resulting in an exponential decrease of photon density with an absorption coefficient α. Since the photon energy is many times higher than the band-gap energy of the crystal, we have to assume that several secondary electron-hole pairs are created through inelastic scattering. The number of STEs created per incident photon is σ. After self-trapping of the electron-hole pairs, we can describe an initial density n 0 (ρ, z, t = 0) of the STEs for the radial coordinate ρ and the depth z in the crystal using the expression
where I 0 is the number of incident photons. Since the actual spot shape during the experiments was of elliptic form, a circular area of the same size was approximated. Based on visible surface damage on some of the samples, the sample spot was reconsidered to be about 350 x 45 μm instead of the 250 x 150 μm that was obtained through calculations for the FEL beam properties and the optics of the beamline. The equivalent radius for a circular spot with the same base area is 62.5 μm for the experimentally obtained spot dimensions. Excitons in close proximity are subjected to dipole-dipole interaction processes. These processes, which depend on the local density n (ρ, z, t), lead to energy transfer of one STE (which combines non-radiatively) to its neighbor, resulting in a single, highly excited exciton, which will consequently relax to the ground state, or an unbound electron-hole pair. In the latter case, the charge carriers will quickly be trapped to form a STE again. The net effect of the dipole-dipole interaction can be described in the following way: STE + STE -> STE* -> STE in the first case, or STE + STE -> e-h -> STE in the second. Assuming that the population of STEs is only effected by radiative decay with lifetime τ r and the selfquenching effect as outlined above, we can formulate a rate equation for the local density of STEs n (r, t) at a given time t of the form
where the first term on the left hand describes the change of density due to radiate decay, and the second, which is quadratic in n, considers the self-quenching of two neighboring STEs. It uses the bimolecular rate of reaction γ (t, r), which describes the probability of self-quenching in terms of dipole-dipole interaction radius R d_d as
The spatial dependency r of γ (t, r) needs to be considered only in case of inhomogeneous distribution of STEs over the effective interaction distance, which is on the nanometer scale. In our case with a spot size in of the order of 100 μm, this correlation dependency can be neglected.
The differential equation defined in equations (2) and (3) can be solved in a closed form when we assume an initial distribution of STE at t = 0 as defined in equation (1) . As a result, we find the luminescence intensity I lum at a given time t is of the form 
Fit of the model to the measured decay curves
With the closed formula (4), we can now try to model our measured decay curves. Using the same approach as in [2] , two parameters (τ r and R d-d ) were fitted using the full data set of 10 decay curves, and a third parameter, I 0 · σ, was optimized for each individual curve. For the absorption coefficient, α = 10 5 cm -1 was used and a radius of a = 62.5 μm as discussed above. The values for τ r were included into the optimization because the radiative lifetime depends significantly on the sample. The initial intensity I 0 is always coupled to the STE yield factor σ, so we consider I 0 · σ as the relevant parameter for the fitting process. Note that for σ only an upper limit can be given as we can create up to σ max = E ph / E G electron-hole pairs for a given photon energy E ph and the band gap energy E G . In this case we have to make the unrealistic assumption that no energy is lost to the lattice throughout the whole e-h multiplication process.
The fit results are shown in Fig. 4a for the room temperature spectra; good agreement between the model curves and the experimental data is observed. [12] , a much higher value of σ can be expected, since σ max = E ph / E G ≈ 22. This deviation between fitted values for σ and the expected ones is probably related to the simple theoretical approach and the given uncertainties for the spot radius and the absorption coefficient.
Since the increasing influence of the self-quenching with initial STE concentrations N 0 max is less pronounced over the range of pulse energies available in the experiment, Fig. 4b shows extrapolated decay curves calculated for the same fit parameters, but for a wide range of N 0 max . The lowest curve for N 0 max = 3x10 9 cm -3 shows nearly no deviation from single-exponential decay, whereas for the highest value of 3x10 15 cm -3 , the self-quenching leads to a reduction of inten- sity by a factor of ~100 in the first microsecond of the decay. It should be noted though that the highest concentrations, which are ~10 4 times higher than the values fitted to the measured curves, are only possible for pulse energies far above the damage thresholds for this kind of material. Nevertheless, this extrapolation gives a good indication of the sensitivity of the self-quenching process on the initial STE concentration.
RE 3+ DOPED PHOSPHORS UNDER FEL EXCITATION
As an example for the luminescence properties of RE 3+ doped scintillators, Fig. 5 shows emission spectra and decay curves for Y 3 Al 5 O 12 (YAG) doped with Ce 3+ (5 at%). The emission spectra were recorded for different transmissions of the gas attenuator, as indicated in the figure. No significant changes are observed in the shape of the spectra, and the general form agrees well with the literature [13] [14] . The same findings hold for the decay curves shown for 89.84 eV FEL excitation for two pulse energies at room temperature in the inset of Fig. 5 . The stability of both the emission and decay spectra indicate that the luminescence processes remain unchanged under the influence of increasing FEL pulse energy. This stability in term of luminescence properties is characteristic also for the other RE 3+ doped samples that were investigated.
A different image appears when we look at the light yield for high excitation densities. In Fig. 6 , the peak intensity for decay curves (intensity measured at t = 0) is shown as a function of the FEL pulse energy for YAG:Ce as well as Lu 3 (LiCAF:Eu). To better compare the dependencies, the datasets were scaled so that the peak intensities are comparable for an FEL pulse energy of 4 μJ. In all cases, independent of crystal type of RE 3+ concentration, the samples show non-linear response with the pulse energy. Using the distribution of electron-hole pairs in the crystal established in equation (1), one can estimate a maximal concentration for e-h pairs N 0 max = 0.056 nm -3 for 89.84 eV photons for our geometry and a pulse energy of 1 μJ. In LuAG or YAG, a unit cell contains 24 dodecahedral sites on which a RE 3+ ion can be substituted, and the volume of the unit cell corresponds to 1.698 nm 3 (LuAG) and 1.728 nm 3 (YAG) [15] . Fig. 6 : Dependence of decay intensity (given in terms of the peak intensity in the decay spectra) on the FEL pulse energy for different RE 3+ doped materials. The different curves have been normalized to comparable peak intensities for a FEL pulse energy of 4 μJ. All measurements were recorded under excitation with 89.84 eV photons.
CONCLUSIONS
Luminescence studies of scintillators under intense XUV FEL excitation have shown that non-linearity due to dipoledipole interaction of closely spaced STEs influence the decay process for PbWO 4 , but also for other tungstates like CaWO 4 and CdWO 4 . For the pulse energy range available in our experiments, this effect can be reproduced using the self-quenching model as discussed above. In this model, the dipole-dipole interaction radius R d-d describes the critical distance of neighboring STEs for the self-quenching mechanism. In this paper, R d-d was determined to be 2.2 nm in PbWO 4 , in a similar way, values for R d-d of 2.6 nm in CaWO 4 and 4.3 nm in CdWO 4 were found in earlier works. While the shape of the decay curves is generally well reproduced, the model tends to underestimate the initial number of created STEs I 0 · σ. Several explanations can be given for this discrepancy. First, the model parameters for the spot size and the absorption coefficient, which define the volume for absorption, are only estimates. Since the concentration of STEs is defined both by the number of STEs and the volume of absorption, errors in these parameters feed back to the model results for I 0 · σ. Second, the model takes only the most simple of self-quenching processes, the dipole-dipole interaction between two STEs, into account. Especially for very high concentrations, self-quenching processes with more than two STE partners are possible. Finally, the model assumes that no competing processes such as defect emission or non-radiative relaxation occur, which would reduce the number of created STEs.
In the case of the RE 3+ doped scintillators, no pulse energy dependent changes of emission or decay spectra were observed in the range of pulse energies available in the experiment. This indicates that the high excitation density does not influence the luminescence process of the RE 3+ ion itself. When we look at the luminescence intensity as a function of pulse energy however, it can be clearly seen that the energy transfer from the initially created electron-hole pairs to the dopant ions is strongly reduced for high excitation densities. A comparison between the concentration of dopant ions and initially created e-h pairs shows that already at the lower pulse energies used in our experiments saturation of the RE 3+ sites can be achieved.
For both intrinsic excitonic luminescence and dopant luminescence, the weakly focused XUV FEL light that was available in our experiments already affects the performance of the materials. Looking at the future development of FEL sources, such as the Linac Coherent Light Source (LCLS) in Stanford or the European X-Ray Laser Project XFEL in Hamburg, which are currently under development, scintillators may soon be subjected to intense, short-pulsed X-ray radiation. Under these conditions, the high rate of secondary e-h pairs created by the energetic photons will cause similar effects as observed in the XUV range, even for significantly smaller photon densities. For these applications, a good knowledge of the limiting processes in different materials is necessary, and hopefully future studies at higher densities and photon energies will contribute to it.
